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The XMM Cluster Survey (XCS) is a serendipitous search for galaxy clusters using all publicly available data in the
XMM-Newton Science Archive. Our recent ﬁrst data release (XCS-DR1) contains 503 optically conﬁrmed groups and
clusters, among which 256 new to the literature and 357 whose X-ray emission was detected for the ﬁrst time. We discuss
their properties and provide an update on the work being done. As examples of the applications of XCS-DR1, we mention
the 17 fossil groups/clusters identiﬁed with the help of the Sloan Digital Sky Survey. Their brightest galaxies have stellar
populations and star-formation histories which are similar to normal brightest cluster galaxies, but their stellar masses are
signiﬁcantly larger and correspond to a much bigger fraction of the total group/cluster optical luminosity. We also highlight
the 15 clusters expected to be also detected by the Planck satellite, and characterize the expected overlap between the ﬁnal
XCS and Planck cluster catalogues.
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1 Introduction
Clusters of galaxies are the largest gravitationally collapsed
structures in the Universe. While detailed studies of in-
dividual galaxy clusters are essential for obtaining an in-
sight into the small-scale processes that inﬂuence the evo-
lution of their baryonic components, their use as cosmolog-
ical probes, and as a window to the physical processes in-
volved in the formation and evolution of large-scale struc-
ture, requires the study of the cluster population as a whole.
With this objective in mind, the XMM Cluster Survey
(XCS) collaboration is carrying out a systematic search for
serendipitous detections of galaxy clusters in the outskirts
 Corresponding author: viana@astro.up.pt
of publicly-available data in the XMM archive, using the
X-ray extended emission typical of galaxy clusters (Romer
et al. 2001). The main scientiﬁc goals of the XCS are to
(i) constrain cosmological parameters, in particular through
the evolution of the cluster mass function with redshift,
(ii) determine how the properties of the cluster intergalac-
tic medium change with time, namely through the evolution
of the cluster X-ray luminosity-temperature scaling relation,
(iii) study galaxy evolution in clusters to high redshift.
Some of the XCS highlights are the detection, and sub-
sequent multi-wavelength follow-up, of a z = 1.46 cluster
(XMMXCS J2215.9–1738; Stanford et al. 2006; Hilton et
al. 2007, 2009, 2010), analyses of galaxy evolution in high-
redshift clusters (Collins et al. 2009; Stott et al. 2010), the
study of the interplay between the brightest cluster galaxy
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and the intracluster medium via AGN feedback (Stott et al.
2012), the characterization of the evolution with redshift of
the cluster X-ray luminosity-temperature relation (Hilton et
al. 2012), and forecasts of the usefulness of XCS for the
estimation of cosmological parameters and cluster scaling
relations (Sahle´n et al. 2009).
2 The XCS ﬁrst data release
The XCS ﬁrst data release (XCS-DR1)1 is described in
Mehrtens et al. (2012). It consists of 503 optically con-
ﬁrmed, serendipitously detected, X-ray clusters. Of these
clusters, 256 are new to the literature, 357 had their X-
ray emission detected for the ﬁrst time, and 463 have a
redshift estimate (0.06 < z < 1.46), including 261 clusters
with spectroscopic redshifts (the remainder have photomet-
ric redshifts). In addition, we have measured X-ray temper-
atures, TX, for 401 clusters (0.4 < TX < 14.7 keV). Among
the interesting subsamples of XCS-DR1 are: (i) 10 clus-
ters at high redshift (z > 1.0, including a new spectroscop-
ically conﬁrmed cluster at z = 1.01); (ii) 66 clusters with
high TX (>5 keV); (iii) 130 clusters/groups with low TX
(< 2 keV); (iv) 27 clusters with measured TX values in the
Sloan Digital Sky Survey (SDSS) Stripe 82 co-add region;
(v) 77 clusters with measured TX values in the Dark En-
ergy Survey (DES) region; (vi) 40 clusters detected with
sufﬁcient counts to permit mass measurements (under the
assumption of hydrostatic equilibrium); (vii) 104 clusters
that can be used for applications such as the derivation of
cosmological parameters and the measurement of cluster
scaling relations. All of the 503 galaxy clusters in XCS-
DR1 were conﬁrmed through either detailed checks of the
literature or our galaxy-zoo style program using data from
SDSS-DR7, Stripe 82 co-add, and our own imaging/photo-
z survey (NXS: NOAO-XCS Survey). The 261 XCS-DR1
spectroscopic redshifts were measured using Keck, Gemini,
NTT and WHT data, from SDSS luminous red galaxies and
from the literature, while the 202 XCS-DR1 photometric
red-sequence redshifts were estimated using NXS, SDSS-
DR7 and Stripe 82 data.
The X-ray analysis methodology used to construct and
analyze the XCS-DR1 cluster sample was presented in
Lloyd-Davies et al. (2011). There, we described the data
processing methodology applied to the 5776 XMM-Newton
observations used to construct the XCS-DR1. A total of
3675 (>4σ) cluster candidates with >50 background-
subtracted X-ray photon counts were extracted from a total
non-overlapping area suitable for cluster searching of 410
deg2 (280 deg2 of which associated with exposures in ex-
cess of 10 ks). Of these, 993 candidates were detected with
>300 background-subtractedX-ray counts, and we demon-
strated that useful temperature measurements can be ob-
tained down to this count limit, in particular for systems
with temperatures below 5 keV (Lloyd-Davies et al. 2011).
1 www.xcs-home.org/datareleases
Among these candidates, we were able to optically conﬁrm
255 galaxy clusters, presented in XCS-DR1 (Mehrtens et al.
2012). Further, in Lloyd-Davies et al. (2011) we described
in detail the automated pipelines used to perform the spec-
tral and surface brightness ﬁtting for these candidates, as
well as to estimate redshifts from the X-ray data alone.
The XMM-Newton public archive contains many thou-
sands of observations suitable for conducting a serendipi-
tous cluster survey. Such a large volume of data means we
have to carry out most of the XCS in a fully automated man-
ner – the only parts that are not automated are the mask
making, optical follow-up, and quality control (ie. identi-
ﬁcation of non-cluster objects and spurious effects among
the X-ray sources identiﬁed as possible clusters). While this
automation presents a number of challenges, in terms of
handling the variety and complexity of the archival data, it
also has a number of beneﬁts: not only has the entire data
set been treated in a consistent and systematic way, but we
are also able to run realistic simulations the XCS selection
function. In Lloyd-Davies et al. (2011) we presented the
methodology adopted for determining it, and showed that
our extended source detection algorithm is robust to a range
of cluster morphologies by inserting mock clusters derived
from hydrodynamical simulations into real XMM-Newton
images. These tests showed that the simple isothermal β-
proﬁle is sufﬁcient to capture the essential details of the
cluster population detected in the archival XMM-Newton
observations.
The process of identiﬁcation of the 3675 cluster candi-
dates is still ongoing. We estimate that at least 300 (and up
to 1700) galaxy clusters will be added to the 503 already
in XCS-DR1 once the identiﬁcation process is completed.
Since the publication of XCS-DR1, improvements have
been introduced in the several steps that need to be taken
in order to identify galaxy clusters in the data present in the
public XMM-Newton archive. Namely, the image pipeline
was re-calibrated and updated to the latest version of the
XMM-Newton Scientiﬁc Analysis System (SAS), and high
background regions, as well as regions contaminated by ﬂux
from target clusters and non-cluster extended sources, are
now more efﬁciently removed from those images. This will
reduce the number of false cluster detections as we re-apply
our source ﬁnding algorithm (XAPA) to all the exposures in
the public XMM-Newton archive. Further, another (larger)
wavelet scale has been added to XAPA in an attempt to cut
down on false cluster detections and to allow us to analyze
(nearby, very extended) XMM-Newton target clusters.
All NASA/IPAC Extragalactic Database (NED) clusters
in the XMM-SDSS joint footprint have now been checked
to see if they coincide with an XCS candidate, and the same
will soon be done for the rest of the sky and for cluster cat-
alogues too recent to be included in NED. This will not
only enable the conﬁrmation of new serendipitous detec-
tions (of already known clusters), but will also allow us
to build a database of XCS-Ancillary target clusters with
hundreds of entries, which will be useful for a variety of
www.an-journal.org c© 2013 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
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Fig. 1 The redshift distribution for the 463 clusters with measured redshifts (left), and the X-ray temperature distribution for the 401
clusters with estimated X-ray temperatures (right), in XCS-DR1 are represented by the green lines. The blue lines represent the 255
clusters in XCS-DR1 which were detected with more than 300 background-subtracted X-ray counts.
science studies where knowledge of the cluster selection
function is not a critical issue, e.g. measurements of halo
occupation numbers (ongoing – using galaxies in BOSS:
Baryon Oscillation Spectroscopic Survey) and optical to
X-ray correlations (ongoing). We will soon be extending
our XCS-Zoo identiﬁcation program using additional imag-
ing data from the Canada-France-Hawaii Telescope Legacy
Survey (CFHTLS), Red Sequence Cluster Survey (RCS)
and VISTAHemisphere Survey (VHS), and later fromDES.
A new non-parametric method to estimate photometric
redshifts has been developed (based on measuring galaxy
redshifts rather than red sequence redshifts), and will soon
be applied to XCS cluster candidates in the SDSS DR8 foot-
print. There are ongoing spectroscopic redshift campaigns
using multi-object spectroscopy at the Gemini and Magel-
lan observatories, and eventually DES data will be used to
estimate photometric redshifts, which will enable the mea-
surement of X-ray temperatures for at least 200 XCS galaxy
clusters.
The XCS selection function will be re-calculated as
a function of cluster observables, like ﬂux, temperature,
redshift and angular size, for each exposure in the pub-
lic XMM-Newton archive (rather than for a typical XMM-
Newton exposure).
3 Applications of XCS-DR1
3.1 Fossil systems
In Harrison et al. (2012) results are presented of a search for
fossil systems (Ponman et al. 1994; Jones et al. 2003) that
appear both in the XCS-DR1 and in the SDSS, as well as
of a study of the stellar mass assembly and stellar popula-
tions of their fossil galaxies. In total, 17 groups and clusters
were identiﬁed at z < 0.25 with large magnitude gaps be-
tween the ﬁrst and fourth brightest galaxies, with the total
and fractional luminosity of the brightest galaxy positively
correlated with the magnitude gap. All the information rel-
evant for the classiﬁcation of these systems as fossils is pro-
vided in Harrison et al. (2012). We found that the fossil sys-
tems seem to follow the same optical to X-ray scaling rela-
tions of the general population of galaxy groups and clus-
ters, and that the brightest galaxies in fossil systems (called
fossil galaxies) have stellar populations and star-formation
histories which are similar to normal brightest cluster galax-
ies. However, at ﬁxed group/cluster mass, the stellar masses
of the fossil galaxies are larger compared to normal bright-
est cluster galaxies, a fact that holds true over a wide range
of group/cluster masses. Further, the fossil galaxies studied
also seem to be clearly more massive (by about 60%, for
fossil systems with TX ∼ 3 keV) than the typical Brightest
Cluster Galaxy (BCG) at z ∼ 1. This suggests that high-
redshift BCGs are not the progenitors of fossil galaxies,
unless signiﬁcant major merging events have yet to occur
in BCGs. Finally, the fossil galaxies were found to contain
a signiﬁcant fraction of the total optical luminosity of the
group/cluster, as much as 85%, compared to the non-fossils,
which can have as little as 10%. Our results support the hy-
pothesis that fossil systems formed early and in the high-
est density regions of the Universe and that fossil galaxies
represent the end products of galaxy mergers in groups and
clusters.
3.2 XCS-Planck overlap
In Viana et al. (2012) we identiﬁed 15 clusters of galaxies
in XCS-DR1 that have a high probability of detection by the
Planck satellite. Three of them already appear in the Planck
Early Sunyaev-Zel’dovich (ESZ) catalogue (Planck Collab-
oration 2011). The estimation of the Planck detection prob-
ability assumes the ﬂat Lambda cold dark matter (ΛCDM)
cosmology most compatible with the 7-year Wilkinson Mi-
c© 2013 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim www.an-journal.org
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crowave Anisotropy Probe (WMAP7) data (Komatsu et al.
2011). It takes into account the XCS selection function and
Planck sensitivity, as well as the covariance of the cluster
X-ray luminosity, temperature and integrated Comptoniza-
tion parameter, as a function of cluster mass and redshift,
determined by the Millennium gas simulations (Stanek et
al. 2010). We also characterized the properties of the galaxy
clusters in the ﬁnal data release of the XCS that we expect
Planck will have detected by the end of its extended mis-
sion. We found that at z ∼ 0.1, almost 90% of the galaxy
clusters expected to be detected by Planck and which hap-
pen to be in the ﬁeld of view of a XMM-Newton target ob-
servation, will also be detected by XCS (with more than
50 photon counts), slowly decreasing to slightly more than
70% at z ∼ 1 (due to the existence of observations with
low exposure times in the XMM-Newton archive). These
galaxy clusters should provide valuable insights into the
cross-correlations of cluster X-ray and Sunyaev-Zel’dovich
properties, given our knowledge of the selection functions
of both surveys. Further, the XCS will not only be able to
help better characterize the sensitivity of the Planck Clus-
ter Survey, which is essential in order to recover the scaling
relations pertaining to the underlying galaxy cluster popu-
lation, but will also enable Planck to recover some informa-
tion on many of the galaxy clusters that are just below its
detection threshold in the sky area that is common to both
surveys, as well as signiﬁcantly improve the estimates of
the integrated Comptonization parameter for all clusters de-
tected by Planck by aiding in the determination of cluster
size.
4 Summary
The ﬁrst data release of the XMM Cluster Survey (XCS-
DR1) contains 503 optically conﬁrmed groups and clus-
ters, among which 256 are new to the literature. They
are part of 3675 cluster candidates found within a total
non-overlapping sky area suitable for serendipitous cluster
searching of 410 deg2. The process of identiﬁcation of these
cluster candidates is still ongoing, and we estimate that a
very conservative minimum of 300 galaxy clusters are wait-
ing to be found among them. We expect the ﬁnal sky area,
suitable for cluster searching, that will be explored by XCS
will be at least 600 deg2, suggesting that the ﬁnal XCS cata-
logue will contain a number of entries easily exceeding one
thousand. Since the publication of XCS-DR1, several im-
provements have been made in our X-ray analysis pipeline.
This will lead to a candidate cluster list less contaminated
by spurious effects and non-cluster X-ray sources, which,
together with access to CFHTLS, RCS, VHS and DES data,
will speed up the conﬁrmation process of the candidate clus-
ters. We are also building a database of clusters that have
been the target of XMM-Newton observations, which we
have called XCS-Ancillary clusters, with hundreds of en-
tries, for which there is on average much better X-ray data
than for the serendipitously detected clusters in the XCS
catalogue, though on the downside it is more difﬁcult to
estimate own representative they are of the overall cluster
population due to a lack of selection function. The XCS
data has already been used for a variety of studies, of which
we highlighted here the recent characterization of fossil sys-
tems in SDSS data (Harrison et al. 2012) and of the current
and expected overlap between XCS and the Planck Cluster
Catalogue (Viana et al. 2012).
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